Abstract: Evidences of highly localized methane fluxes are reported from the Arctic shelf, hot spots of methane emissions in thermokarst lakes, and are believed to evolve to features like Yamal crater on land. The origin of large methane outbursts is problematic. Here we show, that the biogenic methane (δ 13 C ≤ −71 ) which formed before and during soil freezing is presently held in the permafrost. Field and experimental observations show that methane tends to accumulate at the permafrost table or in the coarse-grained lithological pockets surrounded by the sediments less-permeable for gas. Our field observations, radiocarbon dating, laboratory tests and theory all suggest that depending on the soil structure and freezing dynamics, this methane may have been displaced downwards tens of meters during freezing and has accumulated in the lithological pockets. The initial flux of methane from the one pocket disclosed by drilling was at a rate of more than 2.5 kg C(CH 4 ) m −2 h −1 . The age of the methane was 8-18 thousand years younger than the age of the sediments, suggesting that it was displaced tens of meters during freezing. The theoretical background provided the insight on the cryogenic displacement of methane in support of the field and experimental data. Upon freezing of sediments, methane follows water migration and either dissipates in the freezing soils or concentrates at certain places controlled by the freezing rate, initial methane distribution and soil structure.
Introduction
Locally high rates of methane emission from thaw lakes [1] [2] [3] and the adjacent Arctic coastal shelf [4] are observed in northeastern Siberia. These emissions are thought to be either the result of the degradation of organic matter previously held in the permafrost [5] [6] [7] [8] or may emanate from fault/fracture zones [3, 9] . Consistently, the forecasts of methane emission resulting from permafrost degradation have been based on areal extrapolations of either average organic matter content and degradability [10, 11] or the distribution of geological fracture zones [3, 12] , claiming permafrost as a time bomb fueled with methane for the future warming. Recently, the breaking news of the crater-like feature in permafrost in Yamal peninsula again drew attention to permafrost and methane [13, 14] .
sediments deposited in the thawed state, which froze during the consequent cold period or under local changes of the surficial thermal regime (epigenetic permafrost). The latter includes the cessation of subaqueous sedimentation upon the drainage of a lake, or the meandering of a river, or sea regression, etc. Currently, water bodies freeze down to a depth of 1.4 m in the study area. The deeper water bottoms do not freeze, and the thaw bulbs where the thawed sediments exist on a year-round basis form locally in continuous permafrost. Under shallower waters and on land, the thawing of permafrost occurs during short summers (in June-October) down to a maximal depth of 0.3-1.2 m. The layer of seasonal thawing coincides with the active layer, the layer where biogeochemical activity takes place as opposed to permafrost, where it is limited. Active layer thicknesses used in this study were derived at the Circumpolar Active Layer Monitoring (CALM) plots closest to the sampling sites [31] . Figure 1 . Location of the methane sampling sites in the northeastern Siberia; the area squared on the Circum-Arctic permafrost map [29] . Reproduced with permission from Philippe Rekacewicz, visionscarto.net.
Active layer thickness grows after snow melting over the course of summer reaching the annual maximum in early autumn. Interannual variability of the maximum thawing depth is caused by weather conditions or changes in surficial heat and moisture exchange. During extremely hot summers or at some stages of succession (for example, after wildfire), the deeper soil layers adjoin the active layer. These rarely but recurrently thawing layers in transition between permafrost and the seasonally thawing layer constitute the transient layer with distinct structure and increased ice content [32] .
A prominent type of sediment accumulated in the area is Yedoma. Yedoma is a regional geological stratum in northeastern Siberia, composed of ice-rich silty soils embedding the ice-wedges, accumulated during the Late Pleistocene (dates range from older than 50 to about 15 thousand years before present (BP)) similar to loess-like formations widespread in other Arctic plains [33] [34] [35] [36] . There is no consensus on the genesis of the sediments based on the studies of different sections of Yedoma; however, it is a classical case of the syngenetic formation of permafrost, when freezing occurs simultaneously with accumulation of sediments. The thickness of Yedoma ranges widely from several to 30 m.
Between 15 and 9 thousand years BP [2] , more than 50% of the Yedoma area had been redeposited by thermokarst: thawing of the ground ice, subsidence, formation of lakes, growing thaw bulbs, lake coastal abrasion and slope processes, triggered by changing environmental conditions [37] . It formed the widespread and often conjugating depressions. On the remaining hills where thermokarst had not initiated, most of the Yedoma section has outlasted the Holocene optimum. Only topmost layers lying within the thicker Holocene active layer have thawed and compacted. After the Holocene optimum, these sediments refroze, forming the regional geological stratum called the Cover Layer [34] . It is represented by the ice-rich layered silts with the gravimetric moisture content often exceeding 100%, usually 0.5-2.0 m thick, lying between the transient layer Figure 1 . Location of the methane sampling sites in the northeastern Siberia; the area squared on the Circum-Arctic permafrost map [29] . Reproduced with permission from Philippe Rekacewicz, visionscarto.net.
Between 15 and 9 thousand years BP [2] , more than 50% of the Yedoma area had been redeposited by thermokarst: thawing of the ground ice, subsidence, formation of lakes, growing thaw bulbs, lake coastal abrasion and slope processes, triggered by changing environmental conditions [37] . It formed the widespread and often conjugating depressions. On the remaining hills where thermokarst had not initiated, most of the Yedoma section has outlasted the Holocene optimum. Only topmost layers lying within the thicker Holocene active layer have thawed and compacted. After the Holocene optimum, these sediments refroze, forming the regional geological stratum called the Cover Layer [34] . It is represented by the ice-rich layered silts with the gravimetric moisture content often exceeding 100%, usually 0.5-2.0 m thick, lying between the transient layer and Yedoma. Following the late-Holocene environmental cooling and/or lake drainage, thaw bulbs under former lakes in the thermokarst depression refroze or are still refreezing, forming the epigenetic permafrost.
Due to the similarities in formation by thawing and refreezing, the structure of the transient layer is very much similar to the Cover Layer and could hardly be recognized in cores. In this study, we consider the transient layer as any ice-rich layer on the bottom of the active layer (or upper permafrost), except for the Yedoma remnants, where the transient layer has been forming in the upper part of the Cover Layer and hence could not be separated without additional studies.
We also considered the sediments' complex found in the river valleys. The section including several faces of alluvium was disclosed by the borehole 3,4-07 (23.5 m deep) in the Kolyma floodplain. It revealed four geological units; these could be differentiated based on the soil composition, the character of the ice inclusions and radiocarbon dating (Figure 2 ). and Yedoma. Following the late-Holocene environmental cooling and/or lake drainage, thaw bulbs under former lakes in the thermokarst depression refroze or are still refreezing, forming the epigenetic permafrost. Due to the similarities in formation by thawing and refreezing, the structure of the transient layer is very much similar to the Cover Layer and could hardly be recognized in cores. In this study, we consider the transient layer as any ice-rich layer on the bottom of the active layer (or upper permafrost), except for the Yedoma remnants, where the transient layer has been forming in the upper part of the Cover Layer and hence could not be separated without additional studies.
We also considered the sediments' complex found in the river valleys. The section including several faces of alluvium was disclosed by the borehole 3,4-07 (23.5 m deep) in the Kolyma floodplain. It revealed four geological units; these could be differentiated based on the soil composition, the character of the ice inclusions and radiocarbon dating (Figure 2 ). Soil composition, CH4 concentration (shown by bars) and stable carbon isotopes (shown by circles) of CH4, radiocarbon dates of dissolved organic matter and CH4 from the gas filling borehole 3,4-07. Key: 1, silts; 2, sands; 3, gravel; 4, peat; 5, radiocarbon dating samples; 6, permafrost table. Unit numbers define the geological layers, described in the text. Initial data are presented in Table A1 .
The alluvial section covers the basement layer (Profile-Unit 4, 23-23.5 m deep) composed of gravel filled with silt. Its age remained uncertain being more than 30 thousand years, so it might be either the riverbed facie or the gravel of the Begunovka formation of more than 2.6 million years BP, widespread in this area.
Alluvial strata (Profile-Units 2-3, 4-23 m deep) were composed of alternating silts and sand layers. They accumulated between about 30 and 10 thousand years BP. The Profile-Unit 3 (10-23 m) Figure 2 . Soil composition, CH 4 concentration (shown by bars) and stable carbon isotopes (shown by circles) of CH 4 , radiocarbon dates of dissolved organic matter and CH 4 from the gas filling borehole 3,4-07. Key: 1, silts; 2, sands; 3, gravel; 4, peat; 5, radiocarbon dating samples; 6, permafrost table. Unit numbers define the geological layers, described in the text. Initial data are presented in Table A1 . The alluvial section covers the basement layer (Profile-Unit 4, 23-23.5 m deep) composed of gravel filled with silt. Its age remained uncertain being more than 30 thousand years, so it might be either the riverbed facie or the gravel of the Begunovka formation of more than 2.6 million years BP, widespread in this area.
Alluvial strata (Profile-Units 2-3, 4-23 m deep) were composed of alternating silts and sand layers. They accumulated between about 30 and 10 thousand years BP. The Profile-Unit 3 (10-23 m) has thicker layers and coarser grain size than the younger Profile-Unit 2 (4-10 m). Organic inclusions and layered cryogenic structure were typical for the Profile-Unit 2. These represent the gradual change from the riverbed to oxbow-lake regime.
The topmost boggy lacustrine (Profile-Unit 1, 0-4 m deep) peaty silts and loams with abundant ice inclusions (I tot = 30-50%, iciness measured by soil moisture content in thawed soil) and the embedded polygonal ice wedges accumulated during the late Holocene (younger than 10 thousand years) point at the shift from oxbow lake to floodplain wetland regime and development of epigenetic permafrost within the whole section.
Rotary drilling was performed with the UKB-12/25 portable drilling machine (Vorovsky Factory, Russia) with the inner diameters of the core-extractor ranging from 10 cm (at the top) to 5 cm (at the bottom). The frozen soils from the active and transient layers were in some cases sampled from pits or exposures as indicated in Table A1 . The gas was sampled both by degassing the frozen soils and by sampling the air in the borehole
The gas from the core was sampled by the improved technique of methane separation through the phase equilibration [38] . The gas samples were collected in the field by degassing 50-g sub-samples of frozen cores in a 150-mL syringe under a 99.999% nitrogen atmosphere. The gas mixture was then transferred through a needle to the rubber septa-sealed vials filled with saturated NaCl solution. At that point, brine was substituted by gas with the excess brine flowing out through a second needle. The gas samples had been kept in the vials until they were analyzed in the laboratory. CH 4 concentrations were measured using a KhPM-4 gas chromatograph (Chromatek, Russia) equipped with a flame ionization detector. Hydrogen was used as the carrier gas. Chromatographic values of methane in ppm were recalculated to nmol per g of frozen soil because the phase state of methane in permafrost is unknown. The same samples of gas were analyzed for δ 13 C of methane using a GC Combustion Thermo Finnigan interface and Delta XL mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).
The losses of methane prior to degasation were estimated from the geometry of the sub-sample, which we kept small enough to be able to put inside the syringe (38 mm). We assume that methane was equally distributed in every sub-sample and could only have escaped from the open pores in the layer of 1 mm near the surface of the sub-samples. The maximal surface area of the cylindric sub-sample that could fit the syringe was calculated from the sub-sample volumes measured. Thus, losses estimated as the ratio of the volumes of the 1 mm layer with the open pores on the sub-sample surface to the volume of the inner part of sample did not differ much between samples being 19.7 ± 4.3% of the measured methane concentration. We do not expect the open pore layer thickness to be more than 1 mm because the duration of high temperature contacts between hands or air and sub-sample did not exceed 2-3 min. Another source of losses of reported methane concentration is related to the method of phase equilibration. We did the phase equilibration only once. However, the second round of phase equilibration, as shown by our analysis of losses [18] , has contributed up to 12% of total methane content in the sample as measured from the sum of the amounts of methane, degassed after each round of phase equilibration. Thus, we assume overall losses of methane from every degasation to be about 30%, which we did not correct for in the reported values. The uncertainties of the reported values are the sums of uncertainties of the amount of methane estimates taking into account the accuracy of measurements: of the permafrost sub-sample mass (accuracy of 0.1 g), the headspace volume in the syringe (1 mL) and chromatographic measurement (the absolute value in ppm of difference between height and area of methane peaks on the chromatogram). Concentrations of methane in the active layer and upper permafrost are reported for relative depth, to indicate the location of the sample within the soil profile at different site locations. Active layer thickness used to calculate relative depth was the maximal among observations prior to the sampling year [31] . Depths of cover layer and transient layer bottoms were documented as part of the cores' documentation. The samples were grouped by the rounded relative depths. Reported are individual measurements, means and maximums and minimums for the depth where there were 2 samples and also the standard error for depths where the number of samples exceeded 2.
The air of borehole No. 3,4-07 (23 m deep) and the one drilled 30 km east at the same floodplain in 2012 (15 m deep) was sampled from the bottom by the 150-mL syringe through a system of silica tubes, taking into account the tubes' volume. The borehole air was also placed in a sealed bottle and transported to the laboratory for accelerator mass spectrometry dating.
To calculate the density of the flux through the borehole mouth, we found the volume of methane in the borehole by multiplying the volume of the borehole and the methane concentration. We assumed the gas flux to form due to the differences in the concentrations of methane in the borehole and the air and estimated it by dividing the volume of methane in the borehole by the area of the borehole mouth. The depth-weighted average diameter of the 7-cm core was used in the calculations of the methane flux from the drilling hole.
To find out the age of the embedding deposits and how it responds to the age of the methane, the samples of the frozen soils from four depths were dated in the laboratory. They were defrosted, fractionized, freeze-dried and separated into four diameter classes of dissolved organic matter (<1.5 µm, 1.5-36 µm, 36-63 µm and >63 µm). The 1.5-36 µm dating results (mean, standard error) were used in this paper.
The boreholes in Yamal were drilled nearby Bovanenkovo gas field. The permafrost thickness in the area reached 160 m. The occurrences of gas blowouts from the drilling wells in Yamal were documented in the drilling reports. Measurements of the gas flow from different intervals were undertaken at mouths of multiple boreholes. Blowout gas composition and isotopic composition of methane as a component of this gas were studied [16, 19] in the samples taken from the borehole mouth at the time of gas release. The corrections for methane concentration in the air were made.
We carried out an axial freezing experiment of methane-enriched soil in the laboratory, to test the hypothesis of cryogenic displacement of methane. Both Yedoma silt and alluvial sand from Kolyma Lowland were tested. The axial freezing experiment was held under laboratory conditions, using the cryostat filled with ethylene glycol set for a temperature of −15 • C. A soil column of 13 cm thick was placed in a thermally-insulated container. The ethylene glycol from cryostat circulated in spiral tubes was placed atop the soil in the container. The soil was enriched with water until the volumetric moisture content was 30% and flushed with gaseous methane. The freezing had been ongoing for 1-2 days, until the temperature sensor at the bottom of the cylinder measured −1.5 • C. Two monoliths of the frozen soil were sampled from every 1.5-3 cm, further degassed, following the same procedures as in the field, and then, the methane content was measured chromatographically.
Results

Features of Methane in Permafrost and Temporarily-Frozen Soils
Only rare traces of methane were found in the upper layers of Yedoma in any of the 31 samples analyzed (Figure 3a) . However, the samples from various parts of the Cover Layer indicated the presence of methane in concentrations of 55.7 ± 27.1 nmol g −1 . The concentrations generally fell from the bottom of the active layer to the bottom of the Cover Layer, reaching the highest mean average of 107.6 nmol g −1 and the peak concentration of 669.6 nmol g −1 in its upper part (Figure 3a) . A few samples from the bottom of the Cover Layer had higher methane concentration than the 3 nmol g −1 rarely found in Yedoma. There were only traces of methane lower than 6.5 nmol g −1 found in any of the three types of soil wehad tested.
The alluvial section disclosed by the borehole 3,4-07 had methane concentrations from 9.4-747.5 nmol g −1 as revealed from the core samples ( Figure 2 ). The highest concentrations were found in the bottom of the Profile-Unit 3 sediments, in the upper half of the Profile-Unit 2 sediments and in the transient layer (upper three samples of Profile-Unit 1). We were unable to find any correlations between methane concentration and lithology or ice content. Links to the sediment genesis were also ambiguous. Following the gradient of anoxia, fluviolacustrine sediments of Profile-Unit 2 had higher concentration of 351.0 ± 44.7 nmol g −1 than the alluvial Profile-Unit 3 with its 212.4 ± 45.6 nmol g −1 . The lowest methane concentrations of 43.7 ± 23.1 nmol g −1 were found in the peaty soils of Profile-Unit 1, deposited at the stage when the lake had turned to a wetland conventionally associated with the most favorable conditions for methanogenesis.
The δ 13 C of methane in the 3,4-07 section varied from −68-−87‰, which clearly points to biogenic methane (Table A1) . Surprisingly low variation in the relative concentration of 13 C of 84.1 ± 0.3‰ (n = 5) was observed in methane from the depth interval 11-21 m.
We revealed that the methane concentration in the borehole air was 85 vol%, while in the sediment, it did not exceed 747.5 nmol g −1 (volumetric gas content 2.8 vol% of permafrost soil) ( Figure 2 ). The borehole drilled on the floodplain in 2012 had the same layer structure down to the bottom at 15 m; however, we did not find any methane in the borehole air.
The high methane concentration of the gas sample from the borehole allowed us to test its radiocarbon age. It was 12,124 ± 55 years (Sample No. KIA-35,115 taken from the 20-m depth in the The alluvial section disclosed by the borehole 3,4-07 had methane concentrations from 9.4-747.5 nmol g −1 as revealed from the core samples ( Figure 2 ). The highest concentrations were found in the bottom of the Profile-Unit 3 sediments, in the upper half of the Profile-Unit 2 sediments and in the transient layer (upper three samples of Profile-Unit 1). We were unable to find any correlations between methane concentration and lithology or ice content. Links to the sediment genesis were also ambiguous. Following the gradient of anoxia, fluviolacustrine sediments of Profile-Unit 2 had higher concentration of 351.0 ± 44.7 nmol g −1 than the alluvial Profile-Unit 3 with its 212.4 ± 45.6 nmol g −1 .
The lowest methane concentrations of 43.7 ± 23.1 nmol g −1 were found in the peaty soils of Profile-Unit 1, deposited at the stage when the lake had turned to a wetland conventionally associated with the most favorable conditions for methanogenesis.
The δ 13 C of methane in the 3,4-07 section varied from −68-−87 , which clearly points to biogenic methane (Table A1) . Surprisingly low variation in the relative concentration of 13 C of 84.1 ± 0.3 (n = 5) was observed in methane from the depth interval 11-21 m.
We revealed that the methane concentration in the borehole air was 85 vol%, while in the sediment, it did not exceed 747.5 nmol g −1 (volumetric gas content 2.8 vol% of permafrost soil) (Figure 2 ). The borehole drilled on the floodplain in 2012 had the same layer structure down to the bottom at 15 m; however, we did not find any methane in the borehole air. The high methane concentration of the gas sample from the borehole allowed us to test its radiocarbon age. It was 12,124 ± 55 years (Sample No. KIA-35,115 taken from the 20-m depth in the borehole 3,4-07). In contrast, the radiocarbon age of the enclosing soils was slightly younger than 30,696 ± 394 years (J-5,829) (see Figure 2) .
Stable carbon isotopes of the methane in the borehole air (δ 13 C = −85 ) were in the range of δ 13 C variations of the methane degassed from the sediments, suggesting biological origin of the gas [39] . Heavier methane homologues usually found in geological gaseous hydrocarbons [40] were not observed at this depth, supporting the contention that the methane in the air from the borehole was of microbial origin and coming from the permafrost sediment.
In Yamal [19] , the section was composed of Pleistocene marine silts with no observable ice inclusions. Within the interval of 29-130 m, the sand bands occurred in the silts. The banded silts were covered by marine sands down to 10 m below the surface. All of the marine strata contained no visible ice inclusions and had ice content of about 35%. The upper part of the section was composed of alluvial silts with a high ice content. Most of the gas blowouts in Bovanenkovo were within the interval of 28-150 m. The rate of the gas flow varied from 50-14,000 m 3 d −1 . The gas contained more than 97% of CH 4 , in which the δ 13 C value varied from −70-−75 , indicating the dominant biological genesis of methane. However, at one of the levels, the gas mixture contained heavier alkanes, which points to the contribution of deeper geogenic gas.
Experimental Findings
After freezing, the sand had a uniform cryogenic structure with no pronounced ice inclusions, while silt had 1-2 mm-thick periodic ice layers, indicating water migration. The sand contained 0-0.5 cm 3 kg −1 of methane in the upper layers, but this increased to 2.3 cm 3 kg −1 at the base of the monolith (Figure 4a ). This contrasts with the silt (Figure 4b ), where methane concentrations after freezing were higher (3.8 ± 0.2 cm 3 kg −1 ) in the upper 10 cm and lower at the bottom (2.5 ± 0.1 cm 3 kg −1 ). borehole 3,4-07). In contrast, the radiocarbon age of the enclosing soils was slightly younger than 30,696 ± 394 years (J-5,829) (see Figure 2) . Stable carbon isotopes of the methane in the borehole air (δ 13 C = −85‰) were in the range of 13 C variations of the methane degassed from the sediments, suggesting biological origin of the gas [39] . Heavier methane homologues usually found in geological gaseous hydrocarbons [40] were not observed at this depth, supporting the contention that the methane in the air from the borehole was of microbial origin and coming from the permafrost sediment.
In Yamal [19] , the section was composed of Pleistocene marine silts with no observable ice inclusions. Within the interval of 29-130 m, the sand bands occurred in the silts. The banded silts were covered by marine sands down to 10 m below the surface. All of the marine strata contained no visible ice inclusions and had ice content of about 35%. The upper part of the section was composed of alluvial silts with a high ice content. Most of the gas blowouts in Bovanenkovo were within the interval of 28-150 m. The rate of the gas flow varied from 50-14,000 m 3 d −1 . The gas contained more than 97% of CH4, in which the δ 13 C value varied from −70-−75‰, indicating the dominant biological genesis of methane. However, at one of the levels, the gas mixture contained heavier alkanes, which points to the contribution of deeper geogenic gas.
After freezing, the sand had a uniform cryogenic structure with no pronounced ice inclusions, while silt had 1-2 mm-thick periodic ice layers, indicating water migration. The sand contained 0-0.5 cm 3 kg −1 of methane in the upper layers, but this increased to 2.3 cm 3 kg −1 at the base of the monolith (Figure 4a ). This contrasts with the silt (Figure 4b ), where methane concentrations after freezing were higher (3.8 ± 0.2 cm 3 kg −1 ) in the upper 10 cm and lower at the bottom (2.5 ± 0.1 cm 3 kg −1 ). 
Discussion
Evidence of Cryogenic Transport of Methane
The concentration of methane in the sediments of the former thaw bulb disclosed by the borehole 3,4-07 generally follows the genetic conditions more or less favorable for methanogenesis, except for the mire deposits of Profile-Unit 4 ( Figure 2 ). The river alluvium (Profile-Unit 3) had 
Discussion
Evidence of Cryogenic Transport of Methane
The concentration of methane in the sediments of the former thaw bulb disclosed by the borehole 3,4-07 generally follows the genetic conditions more or less favorable for methanogenesis, except for the mire deposits of Profile-Unit 4 ( Figure 2 ). The river alluvium (Profile-Unit 3) had lower methane concentration than the succeeding lacustrine sediments (Profile-Unit 2). Consequently, the methane fluxes in these two environments differ in the same way [41] . Given the average concentration in the core, the cylinder of permafrost of 1.1-1.4 m in diameter around the borehole should have thawed to fill its volume with methane to the concentration of 85 vol%, which our drilling team neither had observed, nor experienced. We suppose there was an additional source of methane: the methane accumulation in lithological or permafrost pocket, which was disclosed in the bottom of the borehole 3,4-07 at 23.0 m. The fact that the source was deeper than 15 m was supported by the lack of methane in the nearby shallower borehole drilled in 2012. The age of sediments on the depths 15-23 m, assuming the steady state of sedimentation, lies within 20-30 thousand years BP, as deduced from the radiocarbon dates (see Figure 2) . The methane from the borehole was 8-18 thousanf years younger. Such a difference in the radiocarbon ages of the methane and the embedding sediments suggests downward displacement of younger carbon from the upper horizons. Either methane, or methane precursors like CO 2 , acetate, etc., should have migrated downwards through the soil before or during the freezing. The fact that methane filled the borehole soon after reaching Profile-Unit 4 suggests that it had been under pressure in the pores and cavities in the permafrost. This supports the hypothesis that the methane was displaced about 11 m downwards in gaseous form during freezing of the soil. The redistribution of methane also explain nearly equal methane δ 13 C in this part of the section. No methane was found in the 2012 borehole, likely because we had not reached any layer composed of coarse-grained sediments that had stored the methane in the 3,4-07 borehole.
The distribution of ice inclusions across the section in Yamal points to the fact that marine sediments were deposited in the thawed state. The permafrost could not have started development before the sand bands started to accumulate, because they indicate the environment of a shallower sea. Freezing of marine deposits is a classical case of the forming of epigenetic permafrost. Biogenic methane disclosed by the borehole in these sediments tended to accumulate in the sandy layers, obviously having high permeability, and serving as the lithological trap during permafrost development [16, 19] . We assume these accumulations are similar to our finding in the borehole 3,4-07. The fact that the methane in the accumulation at Kolyma Plain was younger than the bearing sediments is the first evidence of the fact that the freezing of methane-enriched soils contributed to the formation of methane accumulations in permafrost.
Combined with our experimental findings, the natural evidence point at the mechanism of redistribution of methane in freezing soils. Methanogenesis in the active layer is the ubiquitous feature of wet to moist permafrost-affected soils [42] . However, the upper part of the active layer, exposed to the lowest temperatures and thus the highest freezing rates since the onset of winter, had rare traces of methane after freezing. On the other hand, the bottom of the active layer and, right below it, the recurrently thawing soils of the transient layer or the upper parts of Cover Layer were enriched with methane (Figure 3a,b) . The patterns of methane in the frozen soils remind of the experiment with the sands in which the gas was displaced down and accumulated, with the permafrost table acting as the gas-impermeable layer.
The process of pushing excess water upon fast freezing was paid little attention to in the literature. On the other hand, the displacement of salt ions and oil by the freezing front was described in earlier papers [27, 28] . The theoretical basis was mostly concentrated on the opposite process of water migration towards the solid interface between frozen and thawed soil, known as the freezing front, which forms cryogenic structures in permafrost and causes heaving [43] [44] [45] . The water migration toward the freezing front might have contributed to the homogenic methane distribution in our experiment with silts. In the section below, we provide the theoretical background for the processes involved in the displacement of methane.
Conceptual Model of Methane Transport in Freezing Soils
The freezing front follows the temperature gradient from cooler to warmer locations. The temperature at the freezing front is below zero, and a cooling zone forms ahead of it. The fall of temperature in the cooling zone drives the pressure drop, creating the cryogenic suction, which forces water to flow to the cooling zone through the capillaries and pre-melted films on the surface of soil particles, forming a band of ice at the freezing front. The band grows until the pressure is equal or water is no longer delivered. Movement of the freezing front is determined by temperature and soil properties, including mineralogy, grain size and moisture content. However, when the freezing front moves faster than the water flows to it, the pressure of the ice penetrating into the pores pushes the excessive water out [46] . These processes are well described by the revised capillary theory [45] .
The revised capillary theory is based on the Clapeyron equation [45] (Equation (1)) written for two phases [44] , ice and water:
where P f is the pore pressure at a "water-ice lens" interface, P 0 the overburden pressure, constants:
ρ w the water density, ρ i the ice density, p i the ice pressure, L f the latent heat of ice thawing; T m the temperature of water crystallization, T the temperature at the border of the ice lens, V the rate of water flow to the ice lens and f (T m − T) the function describing the specificity of the water migration in pre-melted films [47] . The (T m − T) term defines the level of supercooling. For example, when the soil is composed of uniform platelets, the water flow to a growing ice lens will be as follows:
In Equation (2), the denominator represents the functional relationship of the water flow to a lens to supercooling, which is defined by capillary flow parameters: h the thickness of the supercooled zone, µ the dynamic viscosity of capillary water, k the hydraulic conductivity and water migration in pre-melted films: µ p the dynamic viscosity of water in the film, ϕ the share of contact area of the ice-lens/particle interface, d the thickness of pre-melted film and R the radius of a soil particle.
Water flow to an ice lens depends on the degree of supercooling below the freezing front and soil properties. The greater the supercooling, the lower the pressure drops on the ice lens surface, which forms the water flow when soil freezes (Figure 5a ). When the soil particles are fine, low hydraulic conductivity hinders the water flow. If soil is coarse grained, then the large particle radius increases resistance in the pre-melted film, thus reducing the flow. This is why the highest rate of water suction is found in silts, while Equation (2) would be smaller in sands.
For every soil, there is a supercooling threshold, defined by Equation (3), at which the water suction is highest, which means the ice lens continues to grow.
where P R is pore water pressure, γ iw the surface energy at the ice-water interface and r p the effective radius of the pores (radius of the pore mouths). Once the supercooling level is higher than the threshold, the freezing front penetrates into the soil pores without water suction to an ice lens (Figure 5b ). The more coarse-grained the soil, the less the P m and the earlier the ice enters the pores; in the sands, the ice penetrates the pores and stops water suction earlier than in silts. To summarize, the water suction conditions exist in the pressure range between the pressure, defined by Equation (1) and the one, defined by Equation (3), within the supercooling range, defined by Equation (4):
when supercooling is high and Equation (4) takes place neither in the silts, nor in the sands, which is the case for a fast freezing soil, there is no water suction. At high supercooling, ice enters the water-filled pores of the soil with no additional water suction. When the soil is freezing, the ice pressure is slightly greater than the atmospheric pressure [46] , which turns in Equation (3) negative. As the ice freezes in the soil pores, it pushes away the excess water from the ice-water interface. Therefore, for every type of soil there are threshold freezing rates, forcing the water to migrate to the freezing front or forcing the water to be squeezed out of the freezing front.
The methane flux in soil is defined as:
where the first term defines convection ( the thermal conductivity of air, the viscosity of air and the distance between the freezing front and soil water), the second term describes gas phase diffusion and the third term describes the advective flux. The term is the difference between methane concentrations in the freezing layer and deeper soil, and Ca is the average methane concentration. In unsaturated soils (Figure 6a) , depending on the methane concentration difference the diffusive redistribution of methane in soil (second term) might dominate the role of the water flux (third term). If methane concentration in the soil is constant (C2 = C1), then redistribution takes place by convection and vertical advection with water flow. Both of these are governed by the pressure at the freezing front, forming either cryogenic suction, or pushing out the water and methane as the ice crystals grow. For saturated soil conditions, the first two terms turns to zero, and the methane flux follows the soil water flux. Depending on the concentration difference, the methane redistribution takes place by directed flux of methane to or from the freezing front (Figure 6b ). To summarize, the water suction conditions exist in the pressure range between the pressure, defined by Equation (1) and the one, defined by Equation (3), within the supercooling range, defined by Equation (4):
when supercooling is high and Equation (4) takes place neither in the silts, nor in the sands, which is the case for a fast freezing soil, there is no water suction. At high supercooling, ice enters the water-filled pores of the soil with no additional water suction. When the soil is freezing, the ice pressure p i is slightly greater than the atmospheric pressure P 0 [46] , which turns V in Equation (3) negative. As the ice freezes in the soil pores, it pushes away the excess water from the ice-water interface. Therefore, for every type of soil there are threshold freezing rates, forcing the water to migrate to the freezing front or forcing the water to be squeezed out of the freezing front.
where the first term defines convection (k a the thermal conductivity of air, µ a the viscosity of air and h the distance between the freezing front and soil water), the second term describes gas phase diffusion and the third term describes the advective flux. The (C 2 − C 1 ) term is the difference between methane concentrations in the freezing layer and deeper soil, and Ca is the average methane concentration. In unsaturated soils (Figure 6a ), depending on the methane concentration difference (C 2 − C 1 ) the diffusive redistribution of methane in soil (second term) might dominate the role of the water flux (third term). If methane concentration in the soil is constant (C 2 = C 1 ), then redistribution takes place by convection and vertical advection with water flow. Both of these are governed by the pressure at the freezing front, forming either cryogenic suction, or pushing out the water and methane as the ice crystals grow. For saturated soil conditions, the first two terms turns to zero, and the methane flux follows the soil water flux. Depending on the concentration difference, the methane redistribution takes place by directed flux of methane to or from the freezing front (Figure 6b ). The theoretical framework outlines the cryogenic transport mechanism. It shows where and why the methane flux would be following the flow of migrating water in freezing soils. It could be used as a rough estimate of the methane transport process. However, we are unable to use it for precise modelling of the experimental results because it involves many microscopic parameters that have not been measured. The number of unidentified parameters rises when we consider the natural systems due to irregularities of soil texture, unknown freezing rates and methane distribution in the soil. The more effective way would be to set the experimental study to find the effect of the exact rates of freezing front movement in equigranular soils at various freezing gradients. The theoretical framework outlines the cryogenic transport mechanism. It shows where and why the methane flux would be following the flow of migrating water in freezing soils. It could be used as a rough estimate of the methane transport process. However, we are unable to use it for precise modelling of the experimental results because it involves many microscopic parameters that have not been measured. The number of unidentified parameters rises when we consider the natural systems due to irregularities of soil texture, unknown freezing rates and methane distribution in the soil. The more effective way would be to set the experimental study to find the effect of the exact rates of freezing front movement in equigranular soils at various freezing gradients.
Implications for Methane Exchange between Permafrost and Atmosphere
According to the theory, controls for methane displacement through freezing soils are the same as for water migration, including soil properties and freezing temperature, as well as the initial methane concentration in the soil profile. Due to the rate of freezing being one of the main controls on the inclusion of gas bubbles in the freezing medium [47] , the cryogenic transport acts for dissolved methane and likewise for bubbles of methane. However, variations in the grain size, inclusion of organic matter, fractures and cavities in soils, uneven layering and permafrost/bedrock topography, combined, result in unequal freezing rates, favoring the formation of lithological pockets, where methane could accumulate.
We consider that the methane in the lab experiment with silts has followed the water suction towards the freezing front. In sands, the volume expansion of ice during freezing forced water and methane away from the freezing front and created methane accumulation at the impermeable interface at the bottom. As the theory says, the same situation might have occurred in the silts at a different freezing rate.
According to the character of soils and ice inclusions in the studied cores, we may conclude that the borehole 3,4-07 site has gone through environmental changes, as shown in Figure 7 . Organic decomposition in the lack of oxygen conditions during the lake existence and thaw bulb formation leads to methane formation and accumulation both in young lacustrine deposits and other deposits that compose the thaw bulb. Methanogenesis had been developing in the thawed sediments of the thaw bulb until it got frozen, even at low temperatures in the wide occurrence of methanogenic substrate, as shown in the laboratory analyses [25] . The freezing of the thaw bulb could have started at the final stages of Profile-Unit 2 accumulation, when the lake filled with sediments or started draining (or drying up). The closed freezing of the sediments took place after the lake drainage. It 
According to the character of soils and ice inclusions in the studied cores, we may conclude that the borehole 3,4-07 site has gone through environmental changes, as shown in Figure 7 . Organic decomposition in the lack of oxygen conditions during the lake existence and thaw bulb formation leads to methane formation and accumulation both in young lacustrine deposits and other deposits that compose the thaw bulb. Methanogenesis had been developing in the thawed sediments of the thaw bulb until it got frozen, even at low temperatures in the wide occurrence of methanogenic substrate, as shown in the laboratory analyses [25] . The freezing of the thaw bulb could have started at the final stages of Profile-Unit 2 accumulation, when the lake filled with sediments or started draining (or drying up). The closed freezing of the sediments took place after the lake drainage. It happened synchronously with the accumulation of the boggy sediments of Profile-Unit 1 (Figure 7b ), earlier than 10 thousand years ago, according to the radiocarbon dating. The freezing might have first formed an impermeable layer of frozen ground in the Profile-Unit 1 sediments. Fast freezing of the silts right after their exposure at the bottom of the lake created a pressure gradient, and accumulation of water and methane in the upper part of the section: silty Profile-Units 1 and 2 (see Figure 2) . Under the layer of frozen ground, the methanogenesis continued to develop in deeper soil layers, and driven by diffusion, methane accumulated and redistributed further (this is generally supported by the quasi-stable isotopic composition of methane in Profile-Unit 3). The freezing continued and pushed a large portion of methane down to the coarse-grained Profile-Unit 4, which, due to its low ice (or water) content, had a considerable volume of free pores. The methane accumulated in the pores (Figure 7c ) and was stable until the borehole liberated it.
have -Unit 3) . The freezing continued and pushed a large portion of methane down to the coarse-grained Profile-Unit 4, which, due to its low ice (or water) content, had a considerable volume of free pores. The methane accumulated in the pores (Figure 7c ) and was stable until the borehole liberated it. Thus, the freezing conditions define the type of distribution of methane in permafrost either as uniform or as locally concentrated in traps. Even if we take the maximal concentration found in the core to calculate the contribution of ancient methane from thawing permafrost, we will have a flux of only 15 g C(CH4) m −2 per 1 m of thawing. This is negligible compared to the fluxes from the decomposition of permafrost soil carbon [7] , although the methane is more easily involved in biogeochemical processes. In contrast, the emission of solely methane from the pocket that filled the volume from the borehole 3,4-07 created a flux of at least 2673 g C(CH4) m −2 from the borehole mouth, which is high, but declining in time depending on the volume of the pocket.
As permafrost forms and degrades under environmental or climatic changes over the ranges from several to thousands years, the methane from the past accumulations can contribute to the current biogeochemical cycle in a discrete manner. The location of methane accumulations could be predicted from the conditions both favorable for methane production and freezing at rates favorable for cryogenic displacement of methane. Such conditions were found in refrozen thaw bulbs and under the active layer, although not regularly (see Tables A2 and A3 ). Despite we might find similar conditions in other habitats, we cannot extrapolate the large fluxes locally observed from such pockets to the whole area of permafrost. The volume of methane stored in the pockets is finite, as there is no acting persistent source of it.
The occurrence of the pockets could be tracked by methane blowouts during drilling documented widely in the permafrost zone from Yamal to Chukotka [19] deeper than 28 m in disperse Quaternary sediments. We believe that deep sea or lake waters or modern exogenic processes form weakened thaw zones in permafrost that provide channels for such methane accumulations, entrapped in permafrost to escape.
It is generally accepted that the Yamal crater near Bovanenkovo developed due to a gas explosion under the pingo [13, 14] . It remains unclear where the methane in permafrost had come from that site. Pingos are widely formed in the process of freezing of thaw bulbs under thawed Thus, the freezing conditions define the type of distribution of methane in permafrost either as uniform or as locally concentrated in traps. Even if we take the maximal concentration found in the core to calculate the contribution of ancient methane from thawing permafrost, we will have a flux of only 15 g C(CH 4 ) m −2 per 1 m of thawing. This is negligible compared to the fluxes from the decomposition of permafrost soil carbon [7] , although the methane is more easily involved in biogeochemical processes. In contrast, the emission of solely methane from the pocket that filled the volume from the borehole 3,4-07 created a flux of at least 2673 g C(CH 4 ) m −2 from the borehole mouth, which is high, but declining in time depending on the volume of the pocket.
It is generally accepted that the Yamal crater near Bovanenkovo developed due to a gas explosion under the pingo [13, 14] . It remains unclear where the methane in permafrost had come from that site. Pingos are widely formed in the process of freezing of thaw bulbs under thawed lakes [48] , and the mechanisms of cryogenic transport could create the methane accumulation during the freezing. We suggest that biogenic methane accumulated in the lithological trap after freezing of the thaw bulb, and the formation of pingo could have contributed to other sources of methane (including the gas from the gas field or deep methane coming through the fault zones into permafrost). The timing of freezing and the rate of biogenic methanogenesis have to be understood to define the share of the cryogenic displacement process in the formation of methane accumulations able to blow-up the unstable permafrost cover.
The high methane fluxes observed from thermokarst lakes and the East Siberian Arctic shelf may be attributed to the scattered lithological pockets. The storage of methane in these pockets could not be detected with surface methane emission measurements or by remote sensing. Cryogenic displacement of the trapped methane from the place of origin makes soil carbon content a poor indicator, as well. Surface geophysics works better at identifying the pockets underground, but the studies of the gas concentration in the pores are still required to identify the amounts and the form (gas or gas-hydrate) of the methane stored. To accurately predict the locations of the methane accumulations in permafrost and their blow-up susceptibility, paleoenvironmental studies are necessary.
The wide occurrence of the cryogenic displacement at lower scale (with lower methane concentrations) could be found during seasonal freezing. Findings of methane at the bottom of the active layer and deeper in the transient layer suggest that the freezing allows methane to be preserved during winter. At a shallower depth than in permafrost, it is exposed to lower temperatures and high freezing rates. This methane might participate in sudden winter fluxes observed widely when frost cracking or mud pot forming occurs [49] [50] [51] . During thawing of the active layer, this methane might enter the methane exchange between soil and atmosphere either forming the sudden flux or assimilated by the methanotrophs.
Conclusions
High methane fluxes observed in the places of permafrost degradation under thermokarst lakes, seawaters or the mechanical disturbance of permafrost deposits are not always associated with increased organic matter decomposition or fault/fracture zones. Biogenic methane fills the pores of permafrost and locally could form larger accumulations with the concentrations up to 400 cm 3 dm −1 . Methane concentration and the likelihood of the formation of such accumulations depend on how favorable the conditions for methanogenesis and for the burial of gaseous methane were. Freezing of thick strata of epigenetic permafrost, especially in thaw bulbs, could create the gas-impermeable systems with increasing pressure and continuous methane formation. Disclosure of such accumulations in Yamal showed the fluxes of up to 14,000 m 3 day −1 of gas, and in Kolyma lowland, the flux density of more than 2500 g C(CH 4 ) m −2 was observed.
Such accumulations were formed due to uneven freezing of the methane-enriched thawed strata via the mechanism of cryogenic displacement. It acts due to the uneven distribution of the freezing rate in heterogeneous soils, squeezing excess water and methane from the soil pores with penetrating ice. Cryogenic displacement transports methane through the freezing soils to distances from tens of centimeters, as shown in the lab experiment, to several meters, as proven by the radiocarbon dating of methane from Kolyma borehole. The methane tends to be trapped in the lithological pockets surrounded by the soils with low gas permeability. The coarse-grained inlets, bands of sand in the silt strata or the interface of thawed ground with the impermeable permafrost table tend to favor the methane accumulation.
The concentration of methane in freezing soil, the freezing conditions and the soil composition are the primary controls on the cryogenic displacement of methane and hence on methane accumulation formation. The prediction of high methane accumulations should thus rely on the studies of methane transport rates at different freezing rates, studies of soil properties in the whole geological section and permafrost development. These could give insight to the location of permafrost methane accumulations and their susceptibility to liberate upon any surficial changes, possibly forming features like the Yamal crater.
Addressing the questions of the permafrost methane as the time-bomb, we would say it depends on the spatial and temporal scale. It definitely has an instant explosive character, as seen in the case of Yamal crater. The fluxes of methane from the pockets are either oxidized when they explode or pass the oxidation when liberating to the air from the stressed conditions. On the other hand, this source of methane in permafrost is limited in time and space to create an effect large enough to significantly affect the greenhouse gas concentration in the atmosphere, but it changes timing of methane emissions. 
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Appendix A. Data on the Properties and Distribution of Methane in Permafrost
